ATP-dependent nucleosome repositioning by chromatin remodeling enzymes requires the translocation of these enzymes along the nucleosomal DNA. Using a fluorescence stopped-flow assay we monitored DNA translocation by a minimal RSC motor and through global analysis of these time courses we have determined that this motor has a macroscopic translocation rate of 2.9 bp/s with a step size of 1.24 bp. From the complementary quantitative analysis of the associated time courses of ATP consumption during DNA translocation we have determined that this motor has an efficiency of 3.0 ATP/bp, which is slightly less that the efficiency observed for several genetically related DNA helicases and which likely results from random pausing by the motor during translocation. Nevertheless, this motor is able to exert enough force during translocation to displace streptavidin from biotinylated DNA. Taken together these results are the necessary first step for quantifying both the role of DNA translocation in nucleosome repositioning by RSC and the efficiency at which RSC couples ATP binding and hydrolysis to nucleosome repositioning.
Introduction
Eukaryotic DNA is packaged into chromatin that renders these sequences largely inaccessible for transcription or repair [1, 2] . The basic packaging unit of chromatin is the nucleosome which consists of a central histone octamer (two molecules of each of the four core histones: H2A, H2B, H3 and H4) about which approximately 147 base pairs (bp) of DNA is wrapped in 1.67 turns [3, 4] . Chromatin structure and by extension gene expression can be regulated either through covalent modification of histone proteins [5, 6] or through an ATPdependent mechanism of nucleosome repositioning carried out by a family of molecular motors, termed chromatin remodelers [7] [8] [9] ; in fact, these two processes are intimately linked as modifications of histones can affect chromatin remodeler function [10] [11] [12] . Chromatin remodelers have been grouped into four functionally and structurally similar families: SWI/ SNF, ISWI, NURD/Mi-2/CHD, and INO80 [13, 14] ; members of each family share a conserved ATPase domain, but are differentiated based upon the additional domains within their catalytic subunits [12, 15] . There are currently two general models proposed for the process of ATP-dependent nucleosome repositioning [13, [16] [17] [18] . In one model, translocation of the chromatin remodeler along nucleosomal DNA, or nucleosome flanking DNA, results in the formation of small DNA loops that propagate around the histone octamer giving rise to synchronized DNA translocation and nucleosome repositioning. In the other model, DNA translocation by the chromatin remodeling complex results in the formation of large DNA loops which accumulate on the nucleosome surface creating tension that is eventually released through periodic nucleosome "jumping." Thus, a mechanistic description of DNA translocation by remodelers is required for further modeling of the mechanism of their ATPdependent nucleosome repositioning activity.
Saccharomyces cerevisiae RSC (Remodels the Structure of Chromatin) is an essential SWI/ SNF-family chromatin remodeling enzyme capable of repositioning nucleosomes from the center of DNA fragments toward the ends without disrupting the integrity of the nucleosomes [19, 20] ; RSC under high concentrations has also been shown to be capable of ejecting nucleosomes from the DNA [21] . RSC complex consists of 15 proteins, five of which are highly similar to the subunits of the SWI/SNF complex, and has a molecular weight of approximately 1 MDa [19] . The ability of RSC to translocate along DNA is essential for its nucleosome repositioning activity [13, 22] and estimates of 1 bp or 2 bp have been determined for the kinetic step size of DNA translocation by RSC [23] . The results of recent studies have also suggested a two-step mechanism for the repositioning of nucleosomes by RSC in which the formation of a stable complex of DNA, RSC, and the histone octamer serves as an intermediate for the repositioning reaction [24] [25] [26] . According to this model, after the initial binding of RSC to the nucleosome, competition between RSC and the histones for binding to the nucleosomal DNA leads to formation of the intermediate complex. This intermediate is characterized by the nucleosomal DNA being associated primarily with RSC and largely dissociated from the histones [25, 26] . This (at least partial) unwrapping of the DNA from the histones provides an environment in which the small loops of DNA formed by the DNA translocation of RSC can more easily propagate around the surface of the octamer and subsequently reposition the nucleosome. However, despite the significance of DNA translocation to the nucleosome repositioning activity of RSC and other remodelers [27] , details about the mechanism that couples the binding and hydrolysis of ATP to mechanical work remains unclear.
In this study we utilize a truncated construct of RSC, termed 'trimeric minimal RSC' (RSCt), which only contains 3 of the original 15 subunits of full length RSC [23, 28] ; the subunits are ARP7, ARP9, and a truncated version of STH1. STH1 is the DNA-binding ATPase and translocation motor [28, 29] of the construct and ARP7 and ARP9 are nuclear actin related proteins whose interaction with STH1 greatly improves the stability and solubility of the complex [19, 29, 30] . The truncated construct was utilized because it can be over expressed in Escherichia Coli, unlike the full complex. This allows for increased yields during the purification process. This construct has been used previously by Sirinakis et al. to characterize the translocation properties of the RSC motor domain as well as Malik et al. to study DNA binding. [23, 28] In our experiments we monitored the translocation of RSCt along double-stranded DNA using a stopped-flow assay that monitors changes in fluorescence intensity associated with the translocation of RSCt along fluorophore labeled DNA [31] [32] [33] . Through global analysis of associated time courses of translocation we were able to determine the macroscopic rate of DNA translocation and associated kinetic step size. Through further analysis of the ATPase activity associated with DNA translocation we were also able to determine the efficiency at which RSCt couples the binding and hydrolysis of ATP to its physical movement along the DNA. This in turn provides a limit on the efficiency at which RSC could couple ATP binding and hydrolysis to nucleosome repositioning. Finally, in a separate assay we monitored the ability of the RSC trimer to displace streptavidin from biotinylated DNA [31, 34] . The ability of RSC to actively displace the streptavidin demonstrates the large forces that this molecular motor is capable of exerting during translocation and thus, by extension, during nucleosome repositioning
Materials and Methods

Buffers
All buffers were prepared with reagent grade chemicals using twice-distilled water that was deionized with a Milli-Q purification system (Millipore Corp., Bedford, MA). The RSCt storage buffer used is 25mM Tris HCl (pH 7.5 @ 25°C), 150 mM KOAC, 10% (v/v) glycerol, and 0.5 mM 2-mercaptoethanol. All experiments were conducted in the reaction buffer consisting of 10 mM HEPES (pH 7.0 @ 25°C), 5 mM MgCl 2 , 100 mM KOAC, 4% (v/v) Glycerol, 2.5 mM DTT, and 0.1 mg/mL BSA.
Oligonucleotide substrates
All labeled and unlabeled oligonucleotides were purchased from IDT Technologies (Coralville, IA) and were HPLC purified. Each oligonucleotide was extensively dialyzed against Milli-Q water. Double-stranded DNA substrates were annealed by mixing together equal concentrations of complimentary strands in a DNA annealing buffer consisting of 10 mM HEPES (pH 7.0) and 40 mM KAC. The mixture is then heated to 95°C and allowed to cool to room temperature over the course of 12 hours. For fluorophore-labeled DNA, a 5% overabundance of unlabeled DNA was included to ensure complete annealing of all fluorescein-labeled DNA strands. For all fluorophore-labeled substrates, the fluorophore was attached only at the five-prime (5') end of a single strand of the duplex, leaving the opposing single-stranded mated substrate unlabeled. This allows sampling of only the population of protein translocating along one backbone.
Protein Purification
RSCt was over-expressed and purified from an Escherichia coli bacterial over-expression system. The CDF Duet-1 vector (Novagen) bearing a Sth1 construct (301-1097aa) with a 10X histidine tag at the N-terminus was transformed into BL21(DE3) codon plus strain along with the RSF Duet vector (Novagen) containing Arp9 and Arp7 constructs. These were selected on streptomycin and kanamycin plates. The cells were grown in nutrientrich auto-inducible media at 37°C for 4hrs, 30°C for 12 hrs and at 22°C for 24 hrs, harvested by centrifuging at 6000g at 4°C, resuspended in lysis buffer (50 mM phosphate buffer pH 7.5, 300 mM NaCl, 10% glycerol, 0.5 mM β-mercaptoethanol and 1X protease inhibitors), sonicated at 30 % duty cycle for 30 secs 10-15 times. The cells were kept on ice at all times. The lysate was then centrifuged at 20,000g for 30 minutes at 4°C. The supernatant was run on a pre-packed Ni-NTA column pre-equilibrated with 20 mM Tris pH 7.5, 100 mM NaCl, 10% glycerol, 0.5 mM β-mercaptoethanol and 30 mM imidazole. The protein was eluted in a gradient using buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, 10% glycerol, 0.5 mM β-mercaptoethanol and 500 mM imidazole. The protein started eluting at 50% of the gradient. The purified protein was run on 12% polyacrylamide gel containing SDS. The purified fractions were pooled, concentrated and then run through a gel filtration column equilibrated with a sizing buffer (20 mM Tris pH 7.5, 200 mM NaCl, 10 % glycerol, 0.5 mM β-mercaptoethanol and 1X PMSF). The fractions that eluted corresponding to RSCt were pooled and concentrated further and then flash frozen in liquid nitrogen to be stored at −80°C. Protein concentration was determined using a Bradford assay comparison to a BSA standard at 595 nm.
ATPase Assay
ATPase assay: ATPase activity was measured at 30°C by monitoring the hydrolysis of [α-32 P] ATP. The reaction was carried out in a reaction buffer containing 10mM HEPES pH 7.0, 1 mM ATP, 5 mM MgCl 2 , 20 mM potassium acetate, 4% glycerol, 0.5 mM DTT and 0.1mg/ml BSA. RSCt at 50 nM concentration was pre-incubated with a series of concentrations of double-stranded DNA, ranging from 10 to 1000 nM, and the reaction was initiated by the addition of ATP. Aliquots of the reaction samples were removed at fixed time points and quenched with an equal volume of 0.5 M EDTA to stop the reaction. The reaction products were separated by TLC on PEI Cellulose F sheets in 0.6 M potassium phosphate buffer, pH 3.4 and quantized with a PhosphorImager (GE Healthcare). The ATPase time course was analyzed using ImageJ to determine the amount of ATP hydrolyzed.
Streptavidin Displacement Assay
100 pmol of each DNA length was radio-labeled using 5 units polynucleotide kinase from phage T4 infected E. coli (T4 PK), and 50 uCi 32 P γ-labeled ATP. DNA labeling buffer is 40 mM Tris HCl (pH 7.5 @ 25°C), 10 mM MgCl2, and 0.5 mM DTT. The solution was incubated @ 37°C for 1 hour before being spun on a GE Illustra ProbeQuant G-50 micro column to remove any remaining γ-labeled ATP. Prior to initializing the reaction, 20 nM of biotinylated DNA lengths were incubated with 300 nM streptavidin for 30 mins to ensure total saturation of all DNA-biotin sites. After the addition of 20 nM RSCt, 3 uM biotin was then included to act as a trap for any free streptavidin or streptavidin that will be displaced by the RSC and was incubated with DNA for 40 min at 30°C. Reactions were started upon addition of 5 mM ATP and carried out in 100 µL solution volume with 10µL aliquots being removed every 5 minutes for the initial 30 minutes and then at 10 minute intervals until 1 hour had been reached. Reaction aliquots were quenched in equal volumes of quench buffer consisting of 0.6% (w/v) SDS, 200 mM EDTA, 0.08% (w/v) xylene cyanol, 0.08% (v/v) bromophenol blue, 10% (v/v) glycerol. To ensure a constant concentration of ATP, a regeneration system was integrated by including 15 units/mL rabbit muscle pyruvate kinase (PK), and 18 units/mL lactate dehydrogenase (LDH). 2 uL fractions of each time point were analyzed using 6% TBE Invitrogen Novex gels and electrophoresis was performed using an Invitrogen X-Cell SureLock minicell system with Novex TBE Running Buffer. Voltage was applied with an Invitrogen PowerSure500 power supply and run at constant voltage. Gels were imaged on a GE HealthCare phosphorimager and resulting images were quantitatively analyzed with the ImageJ software package. Streptavidin was stored in a storage buffer consisting of 10 mM HEPES (pH 7.0 @ 25°C), 20% (v/v) glycerol, and 5 mM NaCl.
Stopped-flow Translocation Assay
All fluorescence stopped-flow experiments were carried out in the same reaction buffer as ATPase assays, at 30 °C using an Applied Photophysics SX.18MV-R Stopped-Flow Spectrophotom-eter (Applied Photophysics Ltd., Leatherhead, UK). Optical filters were purchased from ThorLabs (Newton, NJ). Fluorescein-labeled single-stranded DNA was purchased from IDT Technologies (Coralville, IA) along with complementary unlabeled single-stranded DNA. The individual strands were then annealed together as described above. The fluorescein label was excited at 492 nm, and its fluorescence emission was monitored at wavelengths >520nm using a long-pass filter. 200 nM RSCt was incubated with fluorescein-labeled DNA of varying lengths for 5 min after loading onto one of the syringes of the stopped-flow instrument. These experiments were performed under conditions where the total concentration of the DNA was in excess of the total concentration of RSCt to ensure that the predominant bound species were singly-bound DNA-RSCt complexes. A solution composed of the same reaction buffer listed above and 20 mM ATP was loaded on the other syringe of the stopped-flow instrument. Reaction mixtures in both syringes were incubated for 2 min at 30°C to allow for temperature equilibration prior to mixing. Following the 1:1 mixing of the two solutions, the final reaction concentrations were as follows: 100 nM RSCt, 12 M DNA binding site concentration based upon an initially assumed 10 bp binding site size, and 10mM ATP. The kinetic traces used for analysis are an average of at least 15 individual traces.
Data Analysis
All analysis performed was NLLS fits using Conlin [35] . All fitting models were written in C and compiled using Microsoft Visual Studio .NET 2003 compiler on a Windows XP workstation. The software library CNL 6.0 (Visual Numerics Incorporated, Houston, TX) was used for the numerical calculation of the inverse Laplace transform. The uncertainties in all fitted parameters reported in this manuscript are the standard deviation of the mean.
During its translocation along double-stranded DNA RSC tracks along a single strand of the duplex with a 3' to 5' directional bias [13, 22] . Because of this we can model double-stranded DNA translocation by RSCt as a 3' to 5' directionally biased single-stranded DNA translocation process [36, 37] . Initially, we analyzed our translocation time courses using a single-step, multiple-turnover model [33, 38, 39] , but were unable to find a satisfactory description of the data as determined by the variance of fit (data not shown). Since previous work has hinted that possible secondary steps are required for competent RSC translocation [23, 40] , we derived and implemented another model that included these ancillary steps. This model, shown in Scheme 1, upon binding at a random location, I n * , involves an initiation step prior to processive translocation [36, 37] . This step could be a conformational change in the protein, a transition between different binding modes [41] , etc.
This model makes no distinction as to what the physical mechanism could be; only that it is required prior to active movement by RSC. The equation corresponding to Scheme 1 that we used for analysis is given as (1) In this equation L −1 denotes the inverse Laplace operator, and s is the Laplace variable. The microscopic rate constants k t , k d , and k i are associated with the translocation, dissociation, and initiation processes, respectively. The variable r is the ratio of the initial probability (before the addition of ATP) of RSCt bound to any other position (other than the 3′ or 5′ ends of the single-strands comprising the duplex) on the single-strands to the initial probability of the RSCt bound to the 5′ end of the strands [39, 42] . The variable rn is the ratio of the initial probability (before the addition of ATP) of the RSC bound to the 3′ end of the single-strands to the initial probability of the RSCt bound to the 5′ end of the single strands [43] . A is a scalar constant that incorporates both the initial concentration of the protein bound to the single-stranded oligonucleotide and the fluorescence signal change associated with the protein bound at the fluorophore-labeled 5′ end of the DNA. Because the scalar A contains information pertaining to concentrations, it then easily allows for variations in protein concentration, such as when the concentration is halved during stoppedflow cell mixing conditions or protein binding to the non-labeled strand of DNA and producing no signal during translocation. These types of variations would be accounted for simply through a change in signal amplitude, not a change in signal shape or other defining characteristics. C is a scalar offset term that is included for any arbitrary offsets in system signal that is not taken out of the data upon normalization. Because both A and C are not global variables, each data set is able to have its own arbitrary scaling factors independent of the other lengths. BA is the ratio of the fluorescence signal change associated with RSCt completing the initiation step and beginning processive translocation. The variable n is defined as the number of possible steps the protein can take on a given nucleotide and is given by Equation 2. (2) In Equation 2 the variable L is the total DNA length in basepairs; m, the kinetic step size in basepairs; and d, the binding site size of RSCt in basepairs.
The model we used for analysis of the time courses collected using the streptavidin displacement assay included the initiation step from Scheme 1 as well as a final step, occurring immediately prior to reaching the end of the DNA, which is associated with the displacement of the streptavidin molecule from its biotin bond; this step is associated with the microscopic rate constant k s . The equation corresponding to this model, represented in Scheme 2, is too cumbersome to reproduce here, but its steady-state limit is shown in Equation 3 . (3) where the scalar variable A is proportional to the population of initially bound protein.
The equation utilized to analyze the data collected from the ATPase assay was derived in Khaki et al. [43] and is given as (4) where k cat is the maximum ATPase rate under saturating conditions of nucleic acid. The constants c and c i are the ATP coupling stoichiometries; c is defined as the number of ATP consumed per translocative step while c i refers to the ATP consumed per initiation step. P is the processivity defined as (5) and is a unitless measure of a protein's translocation ability [32, [43] [44] [45] The processivity can also be used to determine the average number of basepairs translocated by RSCt before dissociation from the DNA (6) This calculation is equivalent to the processivity as defined in Sirinakis et al. [23 
Computer simulations
To further examine potential interactions of microscopic processes and their effect on the data-fitting parameters for experimental results, we performed a series of computer simulations in which we incorporated non-uniformity into the motion of individual proteins along the DNA [36, 37, 46] . Using these simulations we generated synthetic data sets which we could then subsequently analyze with our model equations to determine the effects of non-uniform motion and other perturbations on the parameters determined from this analysis. These simulations were written in C and compiled using Microsoft Visual Studio .NET 2003 compiler on a Windows XP workstation.
Results
The results of several previously published independent experiments have demonstrated that RSC is an ATP-dependent double-stranded DNA translocase [22] . During its translocation along double-stranded DNA RSC tracks along only one strand of the duplex with a 3' to 5' directional bias [13, 22] . Furthermore, the ability of RSC to translocate along DNA is fundamental to its ability to reposition nucleosomes [13] . In order to gain further insight into the physical process of DNA translocation including the associated mechanism through which the energy obtained from the binding and hydrolysis of ATP by RSCt are coupled to the physical movement of the enzyme along the DNA we conducted a series of independent experiments designed to determine the kinetic mechanism of DNA translocation by the enzyme.
RSCt Is a Viable Translocase
In our first set of experiments we determined the dependence of the steady-state rate of the DNA stimulated ATPase activity of RSCt on DNA length. Using an estimated 10 bp binding site [22] , we began by establishing the concentration of DNA binding sites that corresponded to maximal stimulation of RSCt's ATPase activity (data not shown) and found it to be 10.2 µM; since these experiments are multiple turnover experiments in which RSCt experiences several rounds of DNA binding, DNA translocation, and dissociation all DNA concentrations are presented in terms of binding sites [40] . All subsequent experiments were performed under identical saturating DNA concentrations. The results of a series of DNAstimulated ATPase assays with RSCt and different lengths of DNA are shown in Figure 1A ; the solid lines in Figure 1A are linear fits of this data used to determine the apparent k cat for each DNA length. As shown in Figures 1A and 1B , the steady-state ATPase rate increases with increasing length of DNA, consistent with RSCt being a DNA translocase [40] . Indeed, since all of these experiments were conducted under conditions of equal RSCt binding site concentrations, the DNA length dependent differences in the ATPase rate are not a trivial consequence of a DNA length dependent change in the binding rate of the enzyme [40] ; i.e., a faster ATPase rate for longer DNA substrates is not a result of those substrates having more RSCt binding sites and thus a faster rebinding rate for dissociated RSCt.
A determination of the efficiency at which this ATPase activity is coupled to DNA translocation requires an additional determination of the kinetic mechanism of DNA translocation by RSCt. Since RSC tracks along a single strand of the duplex during DNA translocation we monitored the translocation of RSCt along DNA using a modified form of a single-stranded DNA translocation assay [36, 38, 39] . In these experiments, a pre-incubated solution containing RSCt and double-stranded fluorophore-labeled DNA is rapidly mixed with ATP and the subsequent time course of fluorophore florescence intensity is monitored. Since the interaction of RSCt with the fluorophore results in a quenching of its fluorescence intensity (Figure 2A and B) the resulting time course is directly correlated with the translocation of RSCt along DNA [33, 38] .
As shown in Figure 2B the time courses of fluorescence observed in these experiments consisted of several phases: the first phase is a rapid decrease in the fluorescence intensity of the fluorophore. Given that this signal change was present even in the absence of ATP (Figure 2A ), we attribute this phase to processes not associated with the translocation of RSCt along the DNA (e.g., a redistribution of free and bound RSCt following the mixing and dilution of the sample in the stopped-flow instrument). Additional phases are observed only in the presence of ATP and are associated with further decreases in fluorescence intensity of the fluorophore. Since time courses of these changes depend upon the length of the DNA (Figure 2B ), they are associated with the ATP-dependent directionally-biased translocation of RSCt along the DNA [22, 38, 39] ; In order to avoid the presence of ATP-independent processes affecting the analysis of the ATPdependent translocation, we restricted our analysis to the portions of the time courses occurring after the first 0.5 seconds of the mixing reaction. There is no longer any change in the fluorescence time courses observed in the absence of ATP in this region (Figure 2A ).
In previous applications of this assay to monitor the translocation of helicases along singlestranded DNA, a protein trap was included with the ATP to prevent rebinding of dissociated protein to DNA [42] ; this ensures that only single-turnover DNA-binding kinetics were observed. The inclusion of a protein trap in our experiments resulted in rapid and total dissociation of RSCt from the DNA because of the ability of the trap to actively displace RSCt from the DNA (data not shown); active displacement of DNA translocases by protein traps has been previously observed [36, 39, 42] . Because of this, we were unable to monitor DNA translocation by RSCt in the presence of a protein trap and thus the time courses that we observe are influenced by both pre-steady state and steady-state kinetics. To minimize the complications associated with analyzing these data we conducted all experiments using equal concentrations of total DNA binding sites for RSCt for each DNA length [40] and thus the kinetics of DNA binding by initially free and dissociated RSCt are the same for each length of DNA. Interestingly, we still see length-dependent changes in the data indicating a contribution from pre-steady state kinetics. If these time courses were completely dominated by the steady-state signal, the traces would necessarily be the same for all lengths of DNA.
In our first attempt to analyze these translocation time courses we used a multiple turnover translocation model as derived in [33, 38, 39] In this model RSCt is assumed to bind randomly, but uniformly, to the DNA; we ignore any potential variations in binding affinity of RSCt near the ends of the DNA associated with differences in counterion condensation at the ends [43, 47, 48] . RSCt is initially bound in a random location, i translocation occurs steps away from the end of the DNA, where i is constrained between the values of 1 and n, the maximum number of translocation steps required for RSCt to move from one end of the DNA to the other. Upon addition of ATP to the system, RSCt translocates along the DNA, tracking along one strand of the duplex with 3' to 5' directionality [17, 22] , through a series of repeated rate-limiting translocation steps with associated microscopic rate constant k t . During each rate-limiting step RSCt moves m basepairs along the DNA and hydrolyzes c ATP molecules; the microscopic parameter m is referred to as the kinetic step size [37, 40] . The microscopic rate constant for dissociation during translocation is k d . All initially free and dissociated RSCt can bind the DNA with a rate constant k b .
This model was unable to provide a constrained fit to the time courses (data not shown). This suggests that an additional process, not included in this model, is occurring during DNA translocation [38] . Based upon previous studies of other DNA translocases the two likely candidates for this additional process are either an initiation step preceding processive translocation [40] or a dissociation event from the end of the DNA that is different from the other dissociation process [39, 43] . Unfortunately, we were unable to derive time-dependent expressions for the population of protein at the end of the DNA associated with these models for arbitrary lengths of the DNA (i.e., for arbitrary values of n). Since determining the kinetic step size of translocation requires analyzing the dependence of n on the length of the DNA [36, 37] we instead analyzed these time courses using Scheme 1 (Equation 1 ). In this analysis, effects of all processes not associated with the processive translocation of the enzyme (initiation, rebinding of dissociated RSCt, etc.) are related within the single parameter k i . Analysis of computer simulated time courses of DNA translocation using this approach confirmed that this approach resulted in correct estimates of m, k t , and k d for these data sets, but that estimated values of k i were dependent upon the rates for all the processes not associated with processive translocation (the rate of rebinding, the rate of initiation, etc.).
For this reason, estimates of k i determined from the analysis of our time courses are influenced by both initiation and rebinding processes of RSCt. The results of simultaneous global NLLS of all kinetic time courses to Scheme 1 (Equation 1) are shown in Figure 2B and Table 1 . This analysis provides a good description of the time courses as judged by the variance of the fit, and returns a value of (2.3 ± 0.1) bp/s for the macroscopic rate of DNA translocation with a processivity and kinetic step size of (0.92 ± 0.01) and (1.24 ± 0.18) bp, respectively.
ATP Hydrolysis Is Weakly Coupled To DNA Translocation
To determine the stoichiometry of ATP binding and hydrolysis associated with DNA translocation by RSCt we also analyzed the ATPase activity of RSCt during translocation (Figures 1 and 2) according to Scheme 1. In each round of translocation, as the protein moves from position I i to I i-1 , (rate constant k t from Scheme 1) it uses the energy from ATP hydrolysis [19] . Similarly, during the combined slow-step phases modeled in Scheme 1 (rate constant k i ) we allow for ATP hydrolysis to also occur in combination with the slow-step phases. Utilizing an ATPase model based upon the possibility of equal probabilities of binding along the double-stranded substrate along with a pausing step derived in Khaki et al. [43] and shown in Scheme 3, we were able to fit to this model (Equation 4) and thereby distinguish contributions to ADP production from either translocation or the aggregated slow processes. In our analysis of the data in Figure 1B using Equation 4 we fixed the values of k t , k d , k i , r, m, and d to those determined from our previous NLLS analysis of our fluorescence translocation time courses ( Figure 2B and Table 1 ). The solid line in Figure 1B is the result of this analysis which returned a value of c = (3.77 ± 0.02) ATP per step which corresponds to an ATP utilization rate of (3.0 ± 0.4) ATP/bp for DNA translocation by RSCt. Furthermore, we also determine that during any aggregated pausing-step phases (associated with the effective rate constant k i step in Scheme 1), it utilizes (11.69 ± 0.11) ATP per step. As shown in Scheme 3, this constant corresponds to the value of c i in Table 1 which is a measure of the number of ATP utilized in the aggregate slowstep phases. However, since we are unable to determine estimates of the individual kinetic steps that are absorbed into k i , we are unable to determine the amount of ATP utilized per individual step within that group of processes.
RSCt Is Capable Of Disrupting the Streptavidin-Biotin Interaction in A DNA LengthDependent Manner
Finally, in an effort to qualitatively assess the forces that RSCt exerts during DNA translocation, we monitored the ability of translocating RSCt to displace streptavidin from biotinylated DNA. A similar assay has been used to quantify the DNA translocation activity of viral helicases [34] . The streptavidin-biotin interaction has one of the strongest binding affinities in nature, with an affinity on the order of 10 −14 M [49] and thus the ability of RSCt to disrupt this interaction can be used as a qualitative measurement of the minimum potential force that RSCt can apply during DNA translocation. We performed assays involving 40 and 80 bp double stranded DNA molecules that had been biotinylated at the 5' end of one strand while the other end of the complimentary strand was left available for radiolabeling. As described in Materials and Methods, we then monitored the streptavidinbiotin-DNA concentrations versus free DNA over the course of an hour to examine the change in populations. In the absence of RSCt or ATP there was no change in the population of streptavidin-bound complexes. However, when ATP was added to the reaction there was a significant change in the amount of free DNA in solution ( Figure 3A ).
Another interesting characteristic of this experiment is that the displacement activity of RSCt is also length-dependent, as shown in Figure 3B . We chose two disparate lengths of double-stranded DNA to monitor, one of 40 bp and another of 80 bp, and compared their respective rates of streptavidin displacement over time. As shown in Figure 3B , the steadystate of streptavidin displacement by RSCt is faster for the 40 bp DNA than for the 80 bp DNA. This is consistent with the 40 bp DNA having approximately 55% of binding sites lying within the DNA translocation processivity range of the 5' biotinylated end of the chain whereas on the 80 bp DNA substrate, only ~22% fall within that range. RSCt bound to the 40 bp DNA will thus have a higher probability of being initially located within translocation distance of the biotin and consequently will more frequently come into contact with the streptavidin and thus have more opportunity to disrupt the bond than RSCt bound to the 80 bp DNA. Using this data across two lengths of DNA, we globally fit the data to a steadystate model of translocation and streptavidin displacement, shown in Equation 3 . From this analysis we came up with a value for the rate of streptavidin displacement of (7.16 ± 0.05) ×10 −3 displacements per second. All other rate constants in this analysis were constrained to values determined from previous analyses.
Discussion
Since DNA translocation by chromatin remodelers is required for these enzymes to reposition nucleosomes, a complete understanding of nucleosome repositioning by these enzymes requires a quantitative characterization of their mechanisms of DNA translocation. This includes not only a determination of the associated rate constants, but also an estimate of the efficiency at which these enzymes can couple the binding and hydrolysis of ATP to the physical work of DNA translocation. Here we have demonstrated a straightforward and generally applicable ensemble approach to obtaining both this information and an associated qualitative measurement of the forces exerted by the enzyme during DNA translocation.
Based upon the analysis of our results, we propose that RSCt must undergo an initiation process following its binding to DNA before becoming competent for DNA translocation. Furthermore, we propose a very weak coupling of ATP binding and hydrolysis to DNA translocation by RSCt. After considering the results of additional computer simulations, we propose that binding and possibly subsequent hydrolysis of ATP by RSCt can resort either in forward translocation or in a "paused" state of the enzyme. The presence of these periodic paused states further decreases processivity of DNA translocation by the enzyme. Finally, we also find that the molecular motor of RSCt has sufficient motive force to dissociate streptavidin from its biotin interaction during DNA translocation, indicating the complex's inherent capabilities for remodeling nucleosome structures in chromatin.
Determination of Microscopic Translocation Parameters
The time courses of double-stranded DNA translocation by RSCt are consistent with the presence of additional processes that both follow DNA binding and precede processive DNA translocation or that occur when RSCt has reached the end of the DNA. Further analysis of these time courses favored the former and therefore that corresponding model was used to determine estimates of the microscopic rate constants associated with DNA translocation by RSCt. It is worth noting, however, that estimates of macroscopic parameters are independent of the choice of model (data not shown) [43] .
Through a global NLLS analysis of data collected using our fluorescence stopped-flow based DNA translocation assay using Scheme 1 (Equation 1) we have determined that RSCt translocates along double-stranded DNA through an ATP-dependent reaction characterized by a kinetic step size of 1.24 ± 0.18 bp and a macroscopic rate constant of 2.3 ± 0.4 bp/s. These results are consistent with previously published studies of double-stranded DNA translocation by the full RSC complex which have suggested a physical step size on the order of 1 nt [13, 22] . Interestingly, our estimate of the processivity of DNA translocation, P = 0.92 ± 0.01, corresponds to a molecule of RSCt moving an average of 12 ± 2 steps before dissociation [40] . This is similar to but slightly smaller than what has been previously reported for the full RSC complex [23, 50] , suggesting that the other subunits of the full complex may also contribute to the DNA binding affinity of the enzyme.
The macroscopic translocation rate of DNA translocation by RSCt, 2.3±0.4 bp/s, is similar to the macroscopic rate of single-stranded DNA translocation by the NS3h helicase from hepatitis C virus (3 nt/s) [43] , but much slower than the macroscopic rates of single-stranded DNA translocation by the UvrD (190 nt/s) [39] , Rep (300 nt/s) [51] and T7 (132 nt/s) [52] helicases. This suggests a fundamental underlying structure-function difference between helicase superfamilies with SFII helicases (NS3h and RSC) translocating along single-or double-stranded DNA much more slowly than SFI (UvrD and Rep) or DNAB-like (T7) helicases. Of course, while these numbers are interesting to make general comparisons, it is difficult to draw distinctive conclusions from them as studies of these enzymes were performed under varying conditions.
Computer Simulation Results
We performed simulations in which hydrolysis of each ATP molecule resulted in forward motion of protein along the DNA, in backward motion along the DNA, or in a pause (or stall) in the motion of the protein [46] . Interestingly, the resulting translocation time courses could be modeled using Scheme 1 (Equation 1) even in the presence of non-uniform motions. We found that the inclusion of either backward motion or pausing events resulted in an increase in the estimate of the ATP coupling efficiency (c/m) and a decrease in the estimate of the macroscopic translocation rate (m*k t ). Although the estimate of the kinetic step size (m) was increased in the presence of backward motion it was unaffected by random pausing. Since the value of m determined from the analysis of the time courses of RSCt translocation along double-stranded DNA is 1.24 ± 0.18 bp (and thus is unlikely to be significantly over-estimated) we believe that the most likely explanation for the seemingly large value of c/m observed for RSCt is that the enzyme undergoes random pausing during its translocation along the DNA. Interestingly, the occurrence of random pausing, especially when dissociation from the DNA substrate might occur during the paused state, would also be consistent with the relatively low processivity of DNA translocation that we observe for RSCt when compared to DNA translocation by helicases such as UvrD or NS3h, for which there was no indication of such non-uniformity in the translocation process. Furthermore, this would also be consistent with the observation that the ATP coupling stoichiometry for DNA translocation by UvrD (1 ATP/nt) and NS3h (0.5 ATP/nt) is lower than for RSCt (3 ATP/bp). Other remodelers in the ISWI family display low template commitment, releasing the substrate almost as fast as it is bound. It has been suggested SNF2 and hACF undergo several rounds of substrate sampling before a successful remodeling event takes place [53] . While the experiments with RSCt were not carried out on a nucleosome substrate, it is still worth mentioning that other remodeling proteins experience events that could 'pause' processive translocation.
It is worth noting that Sirinakis et al. report seeing backwards motion along the doublestranded DNA in their tethered StART molecule experiments [23] . However, it is difficult to determine if the backwards motion seen in those experiments is specific to the StART complex or a more general feature of the RSC motor; for example, since the StART complex is strongly tethered to the DNA initially, it is possible that backwards translocation may be enhanced when tension forces are applied.
Relationship Between DNA Binding and Translocation
Because DNA translocation is an ATP-dependent process, it involves repeating cycles of ATP binding, ATP hydrolysis, and product release [54] . These individual steps affect the apparent microscopic translocation properties as well as the macroscopic values that we determine from our analysis. It has been shown that RSCt binds DNA tightly in the absence of nucleotide but has a significant decrease in binding affinity in the presence of ADP, ATP or ATP-like analogues, on the order of 1000 fold [28] . Other helicases display similar characteristics, such as Rep, RepA, and RecQ [55] [56] [57] . In this system it would seem natural that RSCt would have a higher probability of dissociation during ATP-, or ADP-bound populations. However, if the subsequent hydrolysis event occurred on a short enough timescale, the impact of this reduction of binding affinity would not greatly affect the translocation characteristics of RSCt. It is nevertheless still possible that this slightly increased chance to dissociate would result in a lower processivity value in comparison to other translocases which do not show a similar allosteric regulation of their binding affinity. Indeed, the low processivity of DNA translocation by RSCt may result from the fact that its affinity for binding DNA is reduced in the presence of both ADP and ATP-analogs, regulation that is unique among previously reported studies of DNA binding by helicases. For example, the affinity of the Rep helicase for DNA binding is reduced in the presence of ATP, but unaffected by the presence of ADP [56] , and the processivity of DNA translocation by the Rep helicase is ~800 nt [51] . Furthermore, data also suggest an inverse relationship between the affinity of DNA binding and the macroscopic rate of DNA translocation. For example, the affinity of the Rep helicase for single-stranded DNA is (480 ± 70) nM [56] with a corresponding macroscopic translocation rate of (530 ± 10) nt/s [51] whereas the affinity and macroscopic translocation rate for RSCt and double-stranded DNA are (99 ± 5) nM [28] and (2.3 ± 0.1) bp/s. A similar relationship has been observed for single-stranded nucleic acid translocation by the SFII helicase NS3h; the affinity and macroscopic translocation rate for oligo(dT) are 139 ± 6 nM and 3.1 ± 0.3 nt/s, respectively, and for oligo(dU) are 530 ± 60 nM and 34.2 nt/s [43] , respectively. Direct comparisons between translocases are naturally problematic because of differences in solution conditions and assays, but these trends are nevertheless noteworthy.
RSCt Utilizes Several ATP Molecules per Translocative Step
It is important to remember that the kinetic step size determined for double-stranded DNA translocation by RSCt is a measure of the average number of nucleotides translocated between two repeated rate-limiting steps in Scheme 1. Thus, both m and k t may not reflect the step size or rate constant for the physical movement of the enzyme, but rather the step that is rate-limiting, a protein conformational change, the release of ADP or inorganic phosphate, etc. [38, 39] . Further insight into the physical mechanism of DNA translocation by RSCt can be determined from an analysis of the DNA-stimulated ATPase activity of the enzyme [43] . Indeed, through a global analysis of the dependence on DNA length of the maximum DNA-stimulated ATPase rate (i.e., the rate obtained under saturating DNA concentrations) we determined that RSCt hydrolyzes (3.77 ± 0.02) ATP per second per RSCt molecule per rate-limiting step. This corresponds to RSCt hydrolyzing 3.0 ATP per bp translocated, which is less efficient than the previously reported ATP coupling stoichiometries for single-standed DNA translocation by other helicases [43, 52] . Furthermore, this result suggests that a large amount of futile ATP hydrolysis (i.e., hydrolysis not connected with the translocation of RSCt along the DNA) occurs during the translocation reaction. This may correspond to hydrolysis occurring during the additional kinetic process observed for the kinetic mechanism of DNA translocation. It is difficult to consider how these sorts of pausing, futile occurrences would affect the results of our modeled pausing events. It could be the case that it is not an individual event that would directly relate to the modeled pausing step but a collection of cases whose sum would be the value found in our results. Over the course of an average of 12 steps in a round of translocation, any pauses taken, involving ATP-binding, hydrolysis, movement, and DNA rebinding, would show up in our data fitting as a single microscopic parameter.
Nevertheless, without direct experimental results on the rapidity of ATP hydrolysis and release during translocation, this remains only a conjecture in regards to our results. It is still not possible to determine if the modeled pausing event is a single, long event, or the accumulation of multiple fast steps in each round of translocation.
Another explanation for the poor coupling stoichiometry and the large amount of futile hydrolysis would be if RSCt experienced non-uniform motion during its translocation along the DNA; possible examples of non-uniform motion would be backward motion or random pausing [36] . Indeed, based upon results of computer simulated DNA translocation time courses we believe that RSCt undergoes frequent random pausing during its translocation along the DNA. During these pauses RSCt can dissociate from the DNA and/or undergo rounds of futile ATP hydrolysis. As discussed above, a model for DNA translocation by RSCt which includes ATP-dependent random pausing would also be consistent with the relatively low processivity of DNA translocation by RSCt since the enzyme can dissociate from the paused state. Thus, together our kinetic data favor a model in which the binding and/or hydrolysis of ATP is associated either with forward motion or pausing. This, in turn, argues in favor the pausing being a stalled or failed translocation of the enzyme along the DNA.
As determined above, the maximal rate of DNA-stimulated ATPase for RSCt is (3.77 ± 0.02) ATP per RSCt per second. In our DNA experiments with 50 nM RSCt and 1 mM ATP approximately 9% of the ATP would have been consumed during the first 8 minutes of the reaction and approximately 14% will have been consumed over the entire experiment. Since a linear fit was consistent with our ATPase time-courses (Figure X), this suggests that the kinetics of ATP binding are not rate-limiting for the DNA-stimulated ATPase of RSCt. Thus, this decrease in ATP concentration appears to not significantly affect our results; we nevertheless wished to determine how this decrease in ATP concentration would affect our estimate of k cat . Based upon model equations derived in Fischer et al. [38] which model the apparent rate constant of translocation, k t , in terms of the concentration of ATP, the equation (7) shows the ATP concentration dependence of k t . The variable K T is the equilibrium binding constant, which is a ratio of the ATP-binding rate constant k 1 and the ATP dissociation rate constant k -1 , and the variable k f is rate constant governing processive forward translocation after nucleotide binding. The equation makes the assumption that the dissociation rate constant is much faster than the forward rate of translocation (k -1 > > k f ). From Malik et al.
[28], we know that the equilibrium constant for protein/DNA interaction with ATP is 9 × 10 3 M −1 which is also equal to the ration k 1 /k -1 . From previously published estimates of the association rate constant k 1 being on the order of 10 7 M −1 s −1 [58] , implying a dissociation rate, k -1 , of 10 3 s −1 . From the results of our global analysis, we know that processive translocation occurs for RSCt at a rate of ~3 s −1 which puts us well within the regime k -1 >> kf. After affirming this underlying assumption, we continued with the analysis of the above equation. Considering a reduction of 14% from the initial 1 mM ATP concentration, the forward translocation constant k t only loses 1.6% of its value. Due to this very small drop in k t , the processivity defined in Equation 5 remains within 0.5% of its original value. Finally, since the equation for k cat (Equation 4 ) is heavily dependent on k t and P, this reduction of overall ATP concentration gives a negligible change in the value of k cat .
RSCt Is a Relatively Slow and Short Processive Translocase
From our analyses we determined the processivity of double-stranded DNA translocation by RSCt to be 0.92 ± 0.01 which corresponds to a low average number of 14.3 ± 0.6 basepairs traveled by RSCt before dissociation. This estimate is similar to a previously reported value of 20 ± 1 bp by Fischer et al [40] for the full RSC complex [19, 30] . The small difference can most likely be attributed to the full complex of RSC having a different interaction with its double-stranded substrate than the smaller RSC trimer. In comparison to other translocase proteins, RSCt is a relatively poor translocase. The HCV helicase NS3h has been shown to have a processivity value between 0.993 and 0.98 corresponding to an average of 230 basepairs traveled before dissociation [31, 43] . The E. coli helicase UvrD has an even higher value of 0.997 and 2400 bp covered [39] .
The kinetic step size that we determined from our analyses is 1.24 ± 0.18 base pair which is in agreement with previous determinations where, during experiments measuring the capability of RSC to displace triple-helix forming oligonucleotides, a single base pair gap in the tracking strand was sufficient to obstruct the displacement activity [13, 19, 22] .
RSCt Is Capable of Exerting Large Forces during DNA Translocation
The fact that RSCt can dislocate streptavidin from a biotin link is significant. It shows that the motor domain shows sufficient strength to remove a bond which has an affinity on the order of 10 −14 M. Furthermore, this can provide an estimate of the power available for the protein's necessary task of chromatin remodeling. A protein's capability of disrupting this strong bond points to similarities in the forces required for dislocating the linkages between a histone octamer and its associated DNA. Although RSCt is clearly capable of displacing streptavidin in our assays, the reaction is extremely slow, happening every 2 minutes on average. A possible scenario for this situation would be that when RSCt translocates to the end of the DNA strand and comes into contact with the biotin-streptavidin linkage, it primarily dissociates and displaces the streptavidin with a much low probability. Sirinakis et al. provides an upper-bound estimate of the forces involved in single-molecule DNAtranslocation of 30 pN [23] . Considering that nucleosomal structure has been shown to be disrupted at a mechanical force of 23 pN [59] , these results lend further evidence that the DNA-RSCt interaction strength is large enough to displace the contacts at even highstrength binding locations such as the nucleosomal dyad [60] .
Comparison to Single Molecule Studies
A similar minimalist RSC construct was utilized by Sirinakis et al. in a single molecule DNA translocation assay [23] . In those experiments, however, the STH1 component of the trimeric complex was modified to include a fusion to the site specific DNA binding protein TetR [23] . Although the results of that study do not allow for a determination of the kinetic mechanism of DNA translocation and associated microscopic parameters the authors did provide an estimate of the macroscopic kinetic parameters which are noticeably larger than those we present here. Sirinakis et al. report that RSCt translocates an average of ~35 bp per round of translocation [23] , which is double our estimate of 14.3 ± 0.6 bp. Interestingly, in studies of the DNA translocation activity of full-length RSC larger estimates of kinetic parameters were observed for single-molecule studies than for ensemble studies [17, 40, 50] . In order to resolve this discrepancy it was proposed that RSC may have two distinct processive modes [40] ; a common, less processive mode that is not readily observable in single-molecule experiments and provides the basis for ensemble method results, and a more rare, highly processive mode, which dominates data recorded in single-molecule experiments. In ensemble experiments this latter mode would not have a large effect on the averages found due to the infrequent nature of the particular mode. Conversely, in singlemolecule experiments it would play a significant role owing to the limited resolution of the associated instruments. A typical minimum loop detection size limit of 10 bp in singlemolecule experiments would necessarily exclude the common mode from being detected, thereby increasing the apparent average distance translocated. However, ensemble experiments sample the modalities in their natural frequencies, providing more complete averaging bases. Coincident with a loop size bias inherent within the detection resolution of the instrument, the reported average distance traveled of 35 bp may also be affected by numerous extremely large measurements, several orders of magnitude larger than the stochastic average, such as the single instance of 1500 bp translocated [23] . It is also possible that the high affinity of the TetR tag on the StART complex for the DNA itself is also artificially increasing the processivity of translocation and thereby making direct comparisons between the two sets of experiments problematic. Other dissimilarities become apparent in the comparisons between RSCt and StART which could potentially be explained by the difference in structure between the two proteins. In Sirinikis et al. when discussing the properties of their StART complex, it is mentioned that it has the same DNA-dependent ATPase activity as the full RSC protein which corresponds to ~5 ATP/sec [23] . Combined with their reported translocation speed of ~25 bp/sec, this would imply a rate of 5 bp/ATP, which seems inconsistent with the estimate of 2 bp/step for a kinetic step size. However, there is good agreement between the high-force-exerting capabilities of the core RSC complex. While we have shown that RSCt has extreme motile forces in translocation by showing biotin-streptavidin displacement during translocation, the single-molecule assay points to forces generated in their experiments of up to 30 pN. Both of these results suggest that during translocation and nucleosome repositioning, large forces may be required to complete the complex's role in the nucleus. Only upon the addition of ATP to the mixing solution do we see any signal change characteristic of translocation by RSC. In very short time-courses (> 0.5 s), we detect a signal change that is present in both −ATP and +ATP experiments. Past this timescale is when we are able to determine defining characteristics between the two sets of data. This data set was taken using 25 bp double-stranded fluorescein-labeled DNA. B) Time courses for translocation of RSCt along 15 (red), 25 (blue), and 30 (green) bp DNA substrates. The data set for each DNA length is an average of 25 independent experiments. The black lines show the results generated by a global NLLS fit of the data using Equation 1 which describes an initiation step model with the DNA length as a defining parameter. Streptavidin Displacement Due To RSCt. A) Native gel example showing streptavidin displacement due to RSC. At increasing time intervals (increasing lane numbers), we see larger signal from free DNA indicating streptavidin displacement from the DNA-biotin linkage. This control experiment was conducted using 40bp DNA substrate at the listed concentrations of streptavidin, RSCt, and DNA as described in Materials and Methods. B) Streptavidin displacement versus time along 40 and 80 bp DNA substrates. The data sets are averages of three runs and the standard deviation is shown. The solid lines are linear fits to the data weighted by their respective errors. Note that RSCt displaces more overall streptavidin on the 40 bp substrate than on the 80 bp substrate. 
Paused
Step Model. Before initiating translocation, the protein binds with rate constant k b to a random location along the DNA substrate and begins the process in state I n * . In this state the protein can either dissociate with rate constant k d or go through some form of conformational or energetic change that precedes translocation and is governed by rate constant k i . Upon completing any slow-step process that could be concealed in this initiative activity, the protein is then in state I n and prepared for processive translocation. Any further translocation is governed by the rate constant k t and at each available state I i can either proceed at a rate k t or dissociate with a rate k d .
Scheme 2.
Paused-Step Streptavidin Displacement Model. A scheme built upon Scheme 1 considering an additional kinetic step where upon reaching the biotinylated end of the DNA strand, the protein encounters the streptavidin molecule and must overcome the bond strength. This results in a different microscopic rate constant at that end of the DNA, labeled k s , and therefore includes a different controlling variable in the time-course data.
Scheme 3.
Paused-Step ADP Production Model. This model is based on Scheme 1 and is used to represent the physical understanding of Equation 4 . As the protein begins the k i step before processive translocation, it utilizes c i molecules of ATP. However, during each forward step with a rate constant k t , the protein utilizes c molecules of ATP. Table 1 Kinetic Parameters For DNA Translocation By RSCt. 
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